Positron Emission Tomography simultaneously monitored flow dynamics and in-situ microbial activity in opaque sediment columns. An 18 F labelled electron donor, 2-deoxy-2-[ 18 F]-fluoro-D-glucose ( 18 FDG), was added to flowing columns containing sterile sediment, microbially active sediment and quartz sand. 18 FDG accumulated in microbially active, glucose primed, sediment (10 5 -10 6 cells g -1 ) at 10 -16 mol g -1 (~40 % of the 100 MBq spike) giving the first example of 18 FDG uptake by indigenous microorganisms in a complex sediment system at flow rates representative of the shallow subsurface.
scintillation detectors coupled to fast electronics, feeding into software which generates a three-dimensional image mapping the distribution of a positron-emitting radionuclide. The detectors collect coincident pairs of 511 keV gamma rays emitted at 180 o , which originate from the site where a positron produced by radioactive decay annihilates with an electron in the surrounding material. PET is an ultra-sensitive technique allowing detection of very low concentrations of radiotracer (< 10 -16 M: 10 KBq) and a good spatial resolution between 1-6 mm, dependent on the construction of the detector and the image reconstruction algorithm.
PET is often combined with Computerised Tomography (CT) as a PET-CT scanner and is occasionally combined with magnetic resonance imaging (MRI) as a PET-MRI scanner.
Positron-emitting radioisotopes commonly used in biomedical research include 18 F, 15 O, 11 C and 13 N and are usually bound to a biologically-relevant molecules to form a radiopharmaceutical which targets a particular uptake pathway. The most widely used radiopharmaceutical for imaging human patients and research participants is 2-deoxy-2-[ 18 F]fluoro-D-glucose ( 18 FDG), which is most commonly used to visualise the metabolism of mammalian cells, such as for the purpose of detecting malignant tumours that take up glucose faster than benign tumours. It therefore follows that 18 FDG is a readily available radiopharmaceutical which might accumulate in any cell that has the ability to metabolise glucose, including those in subsurface anaerobic environments. Indeed, anecdotal evidence from PET users suggests that non-sterilized equipment passed through scanners sometimes retains 18 FDG.
To date, the use of PET in environmental science applications has been limited to a few studies, the majority using non-reactive tracers to image flow paths through sediment and rock systems (e.g. Hoff et al., 1996; Richter et al 2005; Boutchko et al., 2012; Barth et al., 2014; Fernø et al., 2015a; 2015b; Kulenkampff et al., 2015; Viggianni et al., 2015; Kulenkampff et al., 2016; Lippmann-Pipkea et al., 2017) . A recent study investigated the feasibility of using PET to image a radiotracer labelled bacterial strain Rahella sp Y9602 (Kinsella et al., 2012) . In this experiment, mid-log phase 'ideal' cells were emplaced into a column and exposed to 60-115 MBq ml -1 18 FDG. Cells sequestered 1.8-7.4 mBq 18 F per cell and cell colonies were clearly visible as bright spots in the column when imaged within 6-8 half-lives of 18 F (half-life 110 minutes). This past work demonstrates that anaerobic glucose metabolism results in sufficient 18 F retention by high cell densities (10 8 colony forming units per ml) of mid-log phase microbial cells grown with nutrient broth.
In this study investigates, for the first time, 18 FDG interactions with an indigenous sediment microbial community, pre-stimulated with glucose as an electron donor. Flow rates were set to represent those typical of the shallow subsurface (10 -6 m s -1 ), for example at Sellafield Nuclear Facility where subsurface microbial activity is of interest due to the bioreduction of metal and radionuclide contaminants (Newsome et al., 2014; Thorpe et al., 2017) . To further explore 18 FDG retention onto sediments undergoing microbial reduction, a sediment column with its indigenous microbial population and stimulated with glucose was compared to sterilised control columns of autoclaved sediment and quartz sand.
Experimental Methods

Experimental set up
Four cylindrical acrylic columns, A-D, were constructed: length 15 cm and diameter 10 cm.
Columns were supported by circular acrylic plates at each end of the columns, holding them parallel to the axis of the PET-CT scanner (Biograph mCT, Siemens Healthineers, Knoxville, USA) and well within the volume that the PET detector could image optimally at one point in time (50 cm diameter and 20 cm depth) ( Figure 1 ). The total volume of each column was cm) of glass fibre wool. Column A contained sediment that was autoclaved prior to the start of the experiment to represent microbially-inactive sediment, column B contained microbially active sediment that was that was pre-amended with 10 mM glucose for 10 days to prime the system for gluclose metabolism prior to PET imaging, column C contained chemical grade, fine quartz sand (Sigma-Aldrich) and column D contained chemical grade fine quartz sand interspersed with plastic objects as models for solid inclusions and provided a distinctive pattern on CT that acted as reference points for image analysis (Figure 2 ).
Columns were positioned in the scanner (Figure 1 ) and groundwater flow was induced horizontally at a pump rate of ~5 x 10 -6 m s -1 achieved with a Watson and Marlow peristaltic pump (5 rpm; 2.05 mm ID manifold tubing purple-purple).
Sediment
Sediment in columns A and B represents the geological unit underlying Sellafield nuclear facility, UK and was collected ~2 km from the site in position: Lat 54°26′30 N, Long 03°28′09 W adjacent to the Calder River. Sediment was well characterised (Law et al., 2010; Thorpe et al. 2012; Thorpe et al., 2016) and comprised iron rich unconsolidated alluvial flood plain deposits with grain size 0.1-0.5 mm (fine to medium sand) with a microbial community capable of metabolising a range of electron donors including glucose.
PET -CT scanner and data analysis
After the 10 day priming period, sediment columns were then transported to the imaging facility and flow was re-established 12 hours prior to the addition of a 10 ml spike of 18 FDG at 10 MBq ml -1 (Total 100 MBq). The radiopharmaceutical 18 FDG was imaged using a Siemens Biograph mCT PETCT scanner (Jakoby et al., 2011) . A CT image was acquired for the four column array and then a series of 18 PET datasets acquired, each for 20 minutes, over a period of 6 hours. Images were reconstructed from each dataset using the Siemens Ultra·HD algorithm which enhances image quality by improving contrast and provides a spatial resolution of 2mm throughout the acquired volume. Images were analysed using TrueD software on a Siemens Syngo workstation.
16S rRNA gene analysis and QPCR
Following the experiment, 16S rRNA analysis and QPCR were performed on the microbially active sediment to explore the microbial community. Column B was divided into sections and samples were taken from the base of the 2 nd quarter, the middle of the 3 rd quarter and the top of the 4 th quarter. Sequencing of PCR amplicons of 16S rRNA was conducted with the Illumina MiSeq platform (Illumina, San Diego, CA, USA) targeting the V4 hyper variable regions (forward primer, 515F, 5′-GTGYCAGCMGCCGCGGTAA-3′; reverse primer, 806R, 5′-GGACTACHVGGGTWTCTAAT-3′) for 2 × 150-bp paired-end sequencing (Illumina) (Caporaso et al., 2011; Caporaso et al., 2012) . PCR amplification was performed using Roche FastStart High Fidelity PCR System (Roche Diagnostics Ltd, Burgess Hill, UK) in 50μl reactions under the following conditions: initial denaturation at 95°C for 2 min, followed by 36 cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 1 min, and a final extension step of 5 min at 72°C. The PCR products were purified and normalised to ~20ng each using the SequalPrep Normalization Kit (Fisher Scientific, Loughborough, UK). The PCR amplicons from all samples were pooled in equimolar ratios. The run was performed using a 4pM sample library spiked with 4pM PhiX to a final concentration of 10% following the method of Schloss and Kozich (Kozich et al., 2013) .
Raw sequences were divided into samples by barcodes (up to one mismatch was permitted) using a sequencing pipeline. Quality control and trimming was performed using Cutadapt (Martin, 2011) , FastQC, and Sickle (Joshi and Fass, 2011) . MiSeq error correction was performed using SPADes (Nurk et al., 2013) . Forward and reverse reads were incorporated into full-length sequences with Pandaseq (Masella et al., 2012) . Chimeras were removed using ChimeraSlayer (Haas et al., 2011) , and OTU's were generated with UPARSE (Edgar, 2013) . OTUs were classified by Usearch (Edgar et al., 2010) at the 97% similarity level, and singletons were removed. Rarefaction analysis was conducted using the original detected OTUs in Qiime (Caporoso et al., 2010) . The taxonomic assignment was performed by the RDP classifier (Wang et al., 2007) . with an initial step of 94ºC for 10 minutes followed by 30 cycles of 94ºC for 30 seconds, 50ºC for 30 seconds, 72ºC for 45 seconds and a dissociation curve was run between 94ºC and 50ºC to check primer specificity. Cycle threshold (C T ) was determined automatically by the instrument. All samples were analysed in triplicate and the r 2 value was 0.998.
Standard Curve and Quantitative PCR Analysis
Results
Transport of 18 FDG through all four columns was successfully imaged over 6 hours (360 minutes) using PET scans taken at 20-minute intervals and spatially registered to the initial CT scan. The concentration of 18 FDG in Bq ml -1 was calculated for each 20-minute timeframe for each column as a whole and for each column when it was divided into four sections. This allowed imaging of the 18 FDG spatial distribution through time. Over the six hours of image acquisition, the spike progressed through the first three quarters of each column with the main body of the plume still present in the fourth quarter at the experiment end point (Figures 3 and 4 ).
The first quarter (0 -4 cm) of each sediment packed column contained a glass wool plug and a layer of sand to homogenize flow and reduce preferential flow paths. As a result, flow through each column in the first quarter was broadly comparable ( Figure 4A ) showing no significant difference between the two sediment packed columns (A and B) and the two sand packed columns (C and D) over the first 100 minutes (Figure 4 ).
In the second quarter (4-8 cm), the different column media had different 18 FDG imaging responses with Column A, containing sterile sediment, Column B, microbially active sediment, Column C, quartz sand, and Column D, quartz sand with plastic objects in, retarding the flow of 18 FDG by different amounts (Figure 4) . Analysis of the second quarter, At the experiment end point, 360 minutes, the spike had reached the end of the column but the centre of the plume was still passing through the 4 th quarter. Imaging showed the 18 FDG spike passed completely through the first and second quarter of each column. However, we can use the activity measured in the second quarter to assess 18 FDG uptake across the different column treatments as this quarter was entirely made up of column packing material (sediment or sand) with no influence from the glass wool plug. Table 1 shows the results obtained, after decay correction, from the second quarter and highlights significant uptake by the microbially active sediment compared to the other columns. This confirms that 18 FDG did not react with sediment minerals or residual organic matter due to the extremely low retention on column A (2%), sediment sterilized by autoclave, that was similar to retention on pure quartz sand. Retention in the order of 1-2 % may be due to 18 FDG collection in unconnected pore space within the column and/or to background error on the PET scanner. Not unexpectedly the spike flowed more slowly through the sediment packed columns (A and B) than through the homogeneous quartz sand packed columns (C and D) but this retardation can be attributed to flow dynamics rather than to chemical retardation. This study concludes that sequestration of 18 FDG observed in column B, the microbially active column was due to the uptake and labelling of 18 FDG by the metabolically-active microbial cells.
Microbial community characterisation
16S rRNA gene analysis of the sediment in column B, where glucose was added for a week prior to 18 FDG addition to stimulate the in-situ community, confirmed a change in the observed microbial community towards glucose metabolising organisms ( Figure 5 ;
Supplementary Information Table 1 ). The sediment prior to glucose amendment comprised a varied microbial community with 70 % identifiable species from the Acidobacteria, Gammaproeobacteria and Alphaproteobacteria classes ( Figure 5 ; Thorpe et al., 2012) . (Shelobolina et al., 2007; Spring et al., 2003; Schlink, 1984 , Liu et al., 2014 Ueki et al., 2014; Fischer-Romero et al., 1996; Keis et al., 2001; Jung et al., 2010; Kwon et al., 2008; Kim et al., 2011; Lee et al., 2007) . Three samples were taken at regular intervals up to the column, and analysis confirmed a similar microbial community over the 16 cm of sediment ( Figure 5 ).
QPCR results showed between 10 6 and 10 7 copies per gram (Supporting information: Table   2 ) leading to an estimated cell density lower than that of the previous experiment using the pre-grown isolate Rahnella sp. Y9602 where a cell density of 10 8 cells per cm 3 was estimated and where 75 kBq cm 3 was retained (Kinsella et al., 2012) . Bacteria typically yield between 1-15 16S rRNA copies per cell (Větrovský and Baldrian, 2013) and therefore, cell density in Column B can be roughly estimated at 10 5 -10 6 cells per gram. Although the cell density in this current study examining natural sediments was lower than the model system explored by Kinsella et al., 2012 the activity retained was similar at ~ 50 kBq cm 3 (between 0.05 -0.005
Bq per cell). This was sufficient activity to be detectable throughout the 6 hour imaging period despite the 110 minute half-life of 18 F.
Conclusions
This study has demonstrated the feasibility of using 18 FDG labelling coupled to PET imaging to image microbial metabolism and visualise the location of metabolising cells in a complex natural sediment system. The study confirms that the metabolic rate of this in-situ community is sufficient uptake 18 FDG at detectable levels at flow rates of 10 -6 m s -1 , cell densities of ~ 10 5 -10 6 cells per gram and 18 FDG concentration of ~ 10 -12 mol dm -1 (accounting for a 200 fold dilution of the 1.5 x 10 -10 mol dm -1 spike). This technique could be optimised to visualize microbial metabolism in a range of natural and engineered environments, including sediment pore spaces and rock fractures or in anthropogenic systems such as pipework and machine interiors.
Viggiani, G., Andò, E., Takano, D., Santamarina, J.C., (2015) . Laboratory X-ray tomography: A valuable experimental tool for revealing processes in soils. Geotechnical 
